Introduction
In accordance with growing concerns about increasing levels of carbon and energy security, many industrialized nations and organizations have begun to advocate for transformation of the energy market, and firms have begun to make extensive investments in sustainable energy products and services. However, many parts of the globe still heavily rely on oil, coal, and natural gas, and such fossil fuels are the primary resources used to heat homes, run vehicles, and power industry. In particular, fossil fuels meet 85% of the total energy requirement and 95% of transportation-sector consumption in the US (Economy Watch 2010) . Similar patterns also are witnessed in other industrialized countries-for instance, in 2014, 66% of the total electricity generated in Korea, which was investigated in this paper, was accounted for by fossil fuels (U.S. Energy Information Administration 2015).
Under such circumstances, recent fluctuations in gasoline prices reignited interests in understanding gasoline demand, and numerous studies in different fields have been compiled to predict the impact of policy interventions on gasoline consumption (e.g., Dahl 1996; Dahl and Sterner 1991; Drollas 1984; Espey 1997; Sterner 1990) . One particular object of these studies has been to understand how the price of gasoline influences ridership on public transportation, focusing on shorter time horizons in which it is not feasible for people to alter their commitment to fuel consumption or to buy more fuel-efficient cars (Golub 2010; Mattson 2008) . Such a discussion is important because the use of fossil fuels by private and public transportation systems has been increasing significantly over the years, and fossil fuels currently account for 44.9% of the total refined products derived from crude oil. Furthermore, those affected by the resultant costs of private vehicle use, such as noise emission and increased levels of pollution, are not limited to motorists (Economy Watch 2010; Institute for Energy Research 2015) .
However, studies in this stream typically are conducted at an aggregate level, and the link between private vehicle use and public transit ridership has hardly been addressed explicitly. As a result, little is known about how individuals react to gasoline prices or to policy interventions or about how the individual mode choices are made. Yet the literature shows that there is significant heterogeneity in individual responses to fluctuations in prices (e.g., Kim and Rossi 1994; Wakefield and Inman 2003) and that the purchase decision of a product is directly related to that of its substitutes in many other contexts (Allenby et al. 2004; Anderson and Simester 1998; Dube and Gupta 2008) . Thus, the common restriction imposed in these studies allows only limited implications about the demand for gasoline and ridership on public transit to be extrapolated.
Such an absence is surprising, considering that the environmental problems resulting from fossil fuel use and related industries are of extreme importance to the economy. A key contributing reason for the limited work exploring individual responses to fluctuations in gasoline prices is the lack of microdata on individual decisions in the two categories. Unlike in many other retail industries for which scanner panel data have been used extensively in research on differences in individual behaviors, panel data on purchases of or expenditures on fuel and transit ridership have not been widely accessible to academics.
In this study, we examined the effect of gasoline prices on individual choices between private vehicle use and public transit ridership based on a unique scanner panel data set on debit and credit card transactions. Through a series of empirical analyses, we explicitly addressed possible heterogeneity in the effect across individuals and present robust evidence that, with significant heterogeneity across individuals, gasoline prices have a statistically and economically significant effect on fuel consumption and public transit ridership. The substantive empirical knowledge provided herein about individual decisions concerning transit modes contributes meaningful implications and effective guidance for practitioners and policymakers.
The paper proceeds as follows. Section 2 discusses the relevant literature, and Section 3 explains the data. Section 4 presents the empirical models and their results. Section 5 describes robustness checks of our findings, Section 6 addresses the implications of our findings, and Section 7 concludes.
Related Literature
Extensive studies have been conducted to explore how the demand for gasoline changes in response to fluctuating or rising gasoline prices. A wide range of assumptions and model specifications has been employed to investigate data across different time periods and regions, yielding predictions about the impact of policy interventions and explanations about differences in gasoline consumption (Dahl 1986; Dahl and Sterner 1991; Drollas 1984; Schipper et al. 1993; Sterner 1990 ). Several meta-analyses have summarized the estimates of price or income elasticities in past research and explained the variations in the results across studies (Assmus 1984; Espey 1997; Espey 1998; Tellis 1988 ).
An interesting feature of such efforts is that researchers tend to pay particular attention to different margins over which different market players make adjustments. For example, Donna (2010), Wang and Chen (2014) , and Goldberg (1998) investigated how, in the short run, drivers alter how much they drive when gasoline prices change; Busse et al. (2012) examined whether car buyers buy more fuel-efficient cars in response to increasing gasoline prices in the medium run; and Gramlich (2009) explored whether gasoline prices impact decisions of automobile manufacturers concerning the fuel economy of vehicles they produce in the long run. Because the adjustments that can be made over different time horizons can differ considerably, no simple answers can describe how gasoline prices affect gasoline usage completely. Nonetheless, conventional wisdom is that the demand for gasoline is fairly inelastic over short time horizons, on which we focus in this paper.
Beyond the demand for gasoline, ridership on public transit also has been examined in systematic research investigating the impact of gasoline prices. A noteworthy finding presented in many of these studies is that an increase in gasoline prices has a statistically-significant but economically-marginal effect on transit ridership in the short run (e.g., Agathe and Billings 1978; Masayuki and Allen 1986; Navin 1974; Nizlek and Duckstein 1974; Rose 1986; Wang and Skinner 1984; Wolff and Clark 1982) . For example, cross-elasticity estimates for transit ridership due to gasoline prices typically fall below 0.15 in the short run, whereas longer-run estimates range from 0.12 to 0.40 (Mattson 2008) .
However, there are mixed empirical findings about how the short-run impact of gasoline varies across the population. For example, McLeod et al. (1991) modeled gasoline price as an important determinant of transit ridership but found no evidence that it is a significant factor. Kitamura (1989) raised the issue of interrelationship between car use and transit ridership and found that a change in car use influences transit use.
To explain such mixed empirical results, researchers consider that various factors such as parking, fuel, transit quality, and transit fare prices have some interaction with ridership on public transit under conditions of changing gasoline prices. For example, the low-income population suffers more from rising gasoline prices as a result of limited transit options; substantial transit systems enable a realistic alternative for large segments of the population, resulting in a larger mode-choice response to gasoline price changes; and the modal shift to public transit first occurs among travelers making the most expensive automobile trips (Currie and Phung 2007; Haire and Machemehl 2007; Litman 2004; Mattson 2008; McFadden and Talvitie 1977; Sanchez 1999; Sanchez and Peng 2004; Wang and Skinner 1984) .
We contribute to these lines of research, in that our analyses allow for a comprehensive understanding of the individual decisions between the use of one's private vehicle and ridership on public transit during periods of fluctuating gasoline prices. Given the significant role of transportation agencies in the transit ridership (Agathe and Billings 1978; Horowitz 1982; Navin 1974; Sagner 1974) , the considerable advantage of our data provides important implications about how policy changes would influence members of the population with different characteristics.
Data
Our data came from a company that developed a household account-book application. The application automatically records credit and debit card transactions based on text messages its users receive on their cell phones. The information collected from the text message includes for each transaction the customer's individual identifier, date and time, amount paid, name of the retail store, and retailer type (identified based on its name). The application exclusively serves Koreans, and, thus, our data were limited to transactions of Korean customers. Yet, given the construct of the data collection process, transaction information included in the data is not limited to particular categories, and the application records data for an extensive range of expenses.
Our data set included the records of retail transactions of 12,000 individuals in 2014. The sample was randomly drawn by the company from its entire customer pool. Examining transaction information for these 12,000 individuals, however, we identified that only 1,521 individuals had made at least one purchase of a transit card or an individual trip by public transit (bus or rail). Because our study aimed to investigate the impact of gasoline prices with a particular focus on public transit ridership as well as on the demand for gasoline, we restricted our attention to these 1,521 individuals for further empirical analyses. Table 1 describes the transaction information of 12,000 (full sample) and 1,521 (estimation sample) individuals. Of a total monthly expenditure of 832,538 won, an average individual in the estimation sample spent 74,284 won on gasoline and 43,513 won on public transit. Similarly, an average individual in the full sample spent 73,874 won on gasoline out of total monthly expenditures of 824,283 won, although the expenditures on public transit in this group were much smaller than those of the estimation sample. Given the construction of the estimation sample, the considerable differences in expenditures on public transit are intuitive. Descriptive Analysis
In 2014, oil prices dropped dramatically. Beginning at $107.33 on January 2, benchmark crude fell below $100 in March and, in July, reached $66.90, its lowest value since 2008. By December, the price of benchmark crude oil dropped to $62.75, representing a 40% decrease for the year. As a net importer of crude oil, Korea exhibited similar patterns in the price of gasoline, and retail prices in Korea consistently fell throughout 2014, as described in Figure 1 . Although Figure 1 suggests, compared to the drop in oil prices, a relatively small decrease in the retail price of gasoline in 2014, note that gasoline prices retreat slowly when oil prices fall. Descriptive Statistics for Monthly Expenditures FIGURE 1.
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Upon finding the considerable and consistent drop in gasoline prices throughout 2014, we focused on the effect of gasoline prices on fuel consumption and transit ridership. In particular, we first calculated individual monthly expenditures on gasoline and transit ridership and examined whether any particular patterns were to be found in relation to the persistent decrease in gasoline prices. According to the extant literature on the effect of gasoline prices, the population should switch to private vehicles from public transit, although not to a dramatic extent, and transit expenditures, therefore, were expected to decrease during the sample period. Figure 2 shows graphs of the two types of expenditures. The first interesting feature to be noted in Figure 2 is that the average monthly expenditures on public transit gradually decreased throughout 2014, as predicted based on the decrease in gasoline prices. Considering that fares for public transportation remained stable during the sample period, the gradual but steady decrease in expenditures on public transit empirically support the argument that the demand for public transport decreased during the period with falling gasoline prices.
Turning to the average monthly expenditures on gasoline, Figure 2 implies that the population generally reduced their gasoline expenditures during 2014. Such a decrease in gasoline expenditures may seem to imply a decrease in fuel usage at first glance. However, note that the decrease in gasoline expenditures was modest relative to the dramatic decrease in retail gasoline prices in 2014. Together with the decrease in expenditures on public transit, this suggests that the population increased their gasoline consumption as retail gasoline prices decreased by switching to private vehicle use from transit ridership. However, we caution that the approach we adopted in this subsection is more descriptive and may not be well suited to conclusively validate this conclusion.
Given the descriptive evidence about the impact of gasoline prices on transit mode choice, we noted that transit commuters often use transportation cards to avoid the hassle of purchasing single-journey tickets. Although many credit and debit cards provide transit card services, the absence of a concrete link between the expenditure and transit ridership could introduce a bias into our result. Thus, we calculated summary statistics for transactions made for public transportation and compared them with the public transportation fares. Table 2 shows that the three quartiles of these transactions were fairly similar to minimum transit fares, whereas the average was approximately three times the minimum bus fare. We, therefore, considered the that summary statistics reported in Table 2 provide empirical evidence that transit riders used their debit and/or credit cards as transit cards and ensured that the expenditures on public transit could serve a proxy for transit ridership. 
Gasoline Prices and Individual Decisions of Transit Modes
Based on the descriptive evidence for the effect of gasoline prices, we developed models of weekly expenditures on gasoline and public transit as a function of gasoline prices. The models examine how the changes in gasoline prices influenced weekly expenditures on gasoline and public transit, respectively, after explicit controlling for other explanatory variables. Beyond the price of gasoline, the models include two groups of explanatory variables. The first group controls for the effect of heterogeneity in preferences across individuals, using demographic information and individuals' value of the dependent variable during an initialization period (Briesch et al. 2009; Bucklin et al. 1995; Ma et al. 2011 ). More specifically, data during the first four weeks of our sample period were employed to construct the initialization period dependent value and then excluded in the further analyses to avoid a possible endogeneity. Finally, the second group accounts for time trends and general economic conditions.
Turning to the effect of gasoline prices, we noted that it may have taken more than a week for people to react to the changes in gasoline prices and that gasoline prices may have influenced individual transit mode-choices with a time lag. Although we considered that the advanced public transit system enabled a realistic alternative in the very short run, we, thus, included the lagged gasoline prices and tested the effect of lagged gasoline prices on their gasoline consumption and transit ridership.
The model of gasoline expenditures employs log-log form, and the estimation results provide coefficients in percentages instead of absolute terms. This is because considerable variations are present in the magnitude of the expenditures on gasoline and public transit across individuals. Log-log linear specification is widely employed by studies exploring the effect of gasoline prices on consumer expenditures in different categories (Gicheva et al. 2010; Ma et al., 2012) . The model is in the following form:
(1)
The dependent variable, GasExp it , is individual i's expenditures on gasoline for week t; GasExp 0i is individual i's value of the dependent variable during the four-week-long initialization period; Demoɡ i is a group of demographic variables, including dummies indicating gender and age; Price t and Price t-1 , the variables of primary interest, are the average retail price of gasoline at week t and t-1; and Χ t is a set of controls, including dummies for time trends and age groups.
Similarly, the model of expenditures on public transit is specified as a function of the same explanatory groups, with individual i's expenditures on public transit for week t, PubExp it , as the dependent variable. This model is also specified in log-log form:
(2) Table 3 summarizes the estimation results based on 1,521 individuals who had made at least one purchase of a transit card or an individual trip by public transit. First focusing on the impact of gasoline prices on gasoline consumption, a decrease in gasoline prices was associated with a statistically-significant decrease in gasoline expenditures.
In particular, weekly gasoline expenditures decreased by 0.65% for a 1% decrease in the retail price of gasoline, implying that the elasticity of demand for gasoline is −0.35
. This is consistent with the extensive literature on gasoline demand, in which the elasticity of gasoline demand turns out to be between 0 and −1.36 (Espey 1998) . Turning to the effect of lagged gasoline prices, γ 2 also turned out statisticallysignificant, showing that a 1% decrease in the retail gasoline prices would result in a 0.10% decrease in the gasoline expenditures for the following week. In the model of expenditures on public transit, the coefficient of gasoline prices also turned out to be statistically-significant and positive. The results suggest that weekly expenditures on public transit decrease by 0.17% for a 1% decrease in the retail price of gasoline for an average individual, implying that cross-elasticities for transit ridership are 0.17. Finally, similar to the model of gasoline expenditures, the effect of lagged gasoline prices also was statistically significant but smaller than the effect of gasoline prices.
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The cross-elasticities for transit ridership were somewhat higher than those reported in the extant studies (Mattson 2008) . Remember that Korea has one of the world's most advanced public-transportation infrastructures, and local urban taxis, buses, and subways provide exceptionally good and punctual service at fairly low fares. Thus, we considered our estimation results to be in line with our prediction. To summarize, our interpretation of the statistically-significant effects of gasoline prices in the two models is that the population switches to private vehicle use from ridership on public transit when gasoline prices increase.
In addressing the effect of gasoline prices on gasoline consumption and transit ridership, we understand that different factors such as the availability of parking, gasoline prices, transit quality, and transit fares have considerable impact on mode choices (Bhat et al. 2009; Litman 2004; Taylor and Fink 2003; Wang and Skinner 1984) . Although, among these factors, only the effect of gasoline prices is incorporated in our empirical analyses, our analyses focused on a short time horizon over which no particular systematic changes in the availability of parking, transit quality, or transit fares were likely to occur. Thus, we concluded that although our empirical analyses could not account for the effects of other factors, concerns about the omitted variable bias are not valid, despite that the findings cannot provide implications about the effects of other factors.
Finally, upon finding the intuitive results, we evaluated the robustness of our findings. We noted that there were different lengths of initialization periods or other model specifications that we could consider. Thus, we replicated the analyses by varying the length of the initialization period and using alternative model specifications. In particular, we used a six-week-long initialization period (Model 3) and a fixed-effects estimation to control for heterogeneity in preferences across individuals (Model 4). Tables 4 and 5 report the findings for all of the replications. To summarize, the effects of gasoline prices are all statistically significant and positive despite the loss in the model fit in terms of R-squared, showing that the results after these adjustments were qualitatively unchanged. Our findings survived all the above robustness checks and provide strong empirical evidence that gasoline prices have statistically significant effects on gasoline expenditures and ridership on public transit. 
Heterogeneity in Consumer Responses to Changes in Gasoline Prices
There is ample evidence that individual characteristics have a significant effect on price sensitivities in many purchase contexts (e.g., Hoch et al. 1995) . Studies on gasoline demand and public transit ridership also have addressed different individual characteristics and have particularly focused on the role of income. For example, Golub (2010) noted that, in addition to ownership costs, marginal costs during periods of rising gasoline prices become particularly significant for low-income households and affect their ability to use vehicles for commuting to a considerable extent. Thus, we incorporated the effect of financial constraints into our consideration and explored the interactions between income and gasoline prices. Without a direct measure of income in the data, we found a variable that could approximate the financial constraints with which individuals are faced. More specifically, based on the recognition that consumption expenditures are closely related to financial constraints (Cutler and Katz 1991; Johnson and Smeeding 1998) , using the total amount of expenditures for a four-week-long initialization period, we constructed a measure of individual financial constraints.
We also note that, apart from the effect of income, substantial variations are present in individual gasoline expenditures, as described in Table 6 . More specifically, the top 25% of the sample in terms of gasoline consumption spent more than 12 times as much on gasoline as the bottom 25% of the sample. We posited that an increase or decrease in gasoline prices, therefore, likely would not influence the population equally, as large variations in gasoline expenditures should lead to considerable heterogeneity in individuals' incentives to adjust their fuel use. For example, the population exhibiting greater gasoline consumption would be faced with a larger increase in gasoline expenditures for a won increase in gasoline prices and would therefore have larger incentives to adjust. However, at the same time, we also considered the possibility that individuals with a strong commitment to vehicle usage would maintain a high level of gasoline consumption and would therefore remain less sensitive to changes in gasoline prices. Thus, we explicitly address this particular aspect and empirically examine how baseline gasoline consumption interacts with the price of gasoline in this subsection. In the presence of large differences in total and gasoline expenditures in the estimation sample, we constructed two categorical variables identifying the baseline levels of gasoline and total expenditures. "Baseline" expenditures are defined as the average weekly expenditures in the four-week-long initialization period, and the 25th, 50th, and 75th percentiles of gasoline and total expenditures were used as cutoff points for two categorical variables.
To address the possible heterogeneity in the effect of gasoline prices, we included the interaction effects between the retail price of gasoline and each of two categorical variables. Using the same explanatory variables employed in the initial analyses, we developed the following model specification:
where I = 1 if and I = 0 otherwise. This specification allowed us to distinguish among individuals according to their individual total and gasoline expenditures during the initialization period. For an individual with and measures the change in gasoline expenditures for a 1% price increase and measures the change in gasoline expenditures for a 1% price increase in the past week. Table 7 reports the coefficient estimates and their standard errors. The first overarching point to be noted in the estimation results is that an increase in gasoline prices was associated with statistically-significant changes in gasoline expenditures for all groups, whereas considerable heterogeneity in individual responses to the change in gasoline prices was witnessed. More specifically, individuals with larger baseline gasoline consumption and higher income level turned out to maintain more inelastic demand for gasoline. The current findings confirm the role of income in how gasoline prices affect fuel consumption and, at the same time, empirically supports the argument that the population with a strong commitment to vehicle usage maintains a high level of fuel consumption and remains less sensitive to changes in gasoline prices. Turning to the model of transit expenditures, there was limited heterogeneity in individual responses across segments. Yet, for the decrease in gasoline prices, individuals with low income generally decreased their transit ridership to a greater extent, and, more interestingly, the effect of gasoline prices decrease monotonically with baseline gasoline expenditures. We interpret the results as low-income populations made sufficient adjustments in their gasoline consumption to retain persistent gasoline expenditures irrespective of the retail prices of gasoline and switched to public transit to reduce their vehicle use.
To sum up, after explicitly controlling for heterogeneity across individuals, we found empirical evidence that financial constraints and commitment to vehicle usage have significant interaction effects with the price of gasoline. Our results confirm that the population switches between private vehicle use and ridership on public transit and identify how the effect of gasoline prices differs across segments of the population. Adding substantive empirical knowledge about public transit ridership and the demand for gasoline, our findings provide important guidance for policymakers and practitioners, and we address the implications of our findings in the next section.
Discussion
In an empirical investigation using unique panel data on individual expenditures, we found that gasoline prices had a statistically-significant effect on gasoline and transit expenditures, with the presence of considerable heterogeneity. Confirming the moderating effect of financial constraints, the analyses yielded empirical evidence showing that commitment to vehicle usage also plays an important role in determining sensitivities to the price of gasoline and ridership on public transit.
Our findings have an important implication for policymakers. With growing concerns about carbon emissions and energy security, higher gasoline prices have been imposed to induce a shift from private vehicle traffic to public transit in many industrialized countries. However, as described in the previous section, relatively inelastic demand for gasoline implies only a limited regulative effect despite the strong fiscal effect.
In particular, a noteworthy feature is that individuals with inelastic gasoline demand generally consume the largest amount of fuel. Given that vehicle use is considered more essential for work and business trips (e.g, Storchmann 2001 ), such findings indicate that the relative inelastic demand of these segments can be closely linked to the productivities of other sectors in the economy. This particular aspect also was confirmed by our data, in that the individuals with high levels of gasoline consumption purchased significantly more often during weekdays (see Table 8 )-which is important because drivers usually follow weekday routines and trips for leisure or recreation during weekends can be greatly reduced, particularly in comparison to work commutes. Raised fuel taxes, therefore, can have an adverse effect on productivities and induce deficits in different sectors. This aspect should not be overlooked, especially because a substantial increase in gasoline prices often accompanies a significant negative shock to the economy. Given these considerations, to reduce environmental problems, alternative means of transportation must be provided for individuals with a strong commitment to vehicle use. In addition to subsidies for public transit services or reduced fares for worker or student tickets, for example, investment in and policies advocating for more fuelefficient or alternative-fuel vehicles are necessary. Government incentives to promote or develop fuel cell or electric vehicles using profits from higher fuel taxes help reduce the levels of carbon in the atmosphere without further disrupting productivities. The restricted scope of our paper does not allow us to counterfactual such policy intervention; rather, the primary objective of this discussion is to present a particular implication for practitioners and policymakers. Thus, we hope our research stimulates further efforts to investigate our argument.
Conclusion
Based on panel data on gasoline and transit expenditures, we examined how gasoline prices impact gasoline consumption and ridership on public transit. The unique feature of our data allowed us to address possible heterogeneity in the effect of gasoline prices, and our analyses yielded strong empirical evidence that financial constraints and commitment to vehicle use determine individual sensitivities to the price of gasoline and modal shift between private vehicle use and public transit ridership. In particular, the low-income population reduced gasoline consumption and increased their transit ridership during the period of rising gasoline prices; the high-income population with a strong commitment to vehicle use maintained fairly inelastic demand for gasoline and public transit.
Our findings contribute substantive empirical knowledge about individual decisions between public transit and private vehicle use. Extensive studies have been compiled to address the effect of gasoline prices on gasoline consumption and transit ridership. However, such studies are typically conducted at an aggregate level based on data for either fuel consumption or transit ridership. As a result, less is known about individual responses to changes in gasoline prices and how decisions concerning fuel consumption and transit ridership relate to each other, and our study concerned itself primarily with this issue.
We note that our findings concern the short-run effect of gasoline prices and provide limited implications about how gasoline prices influence gasoline consumption and ridership on public transit over longer time horizons. Nevertheless, we have witnessed that short-run changes in gasoline prices have a significant effect on the economy, and, therefore, it is important to understand the effect in the short run.
